Repetitive tracts within the coding regions of TGFBR2 and BAX are frequently mutated in mismatch repair de®cient tumours and are implicated in tumour progression. However, there has been little study of the balance between selection pressure and inherent instability at sequences within these genes. To determine whether TGFBR2 and BAX are inherently prone to mutations in the presence of MMR defects, we studied MMR de®cient cells derived from B-lymphocytes. By analysing cells derived from normal tissue we aimed to minimize the eects of selection pressures that bias the apparent frequency of mutation. We de®nitively show that certain sequences, usually repaired by MMR, are inherently unstable. Using a small pool PCR technique we con®rmed these cells exhibit microsatellite instability. Additionally, we demonstrate that MMR de®ciency results in an excess of mutations, speci®cally at the poly(A) 10 tract compared to other regions of the TGFBR2 gene (P50.001). Conversely, an excess of mutations does not appear to arise at the poly(G) 8 tract of the BAX gene. These studies provide insight into the mechanism by which TGFBR2 and BAX genes become mutated during tumorigenesis. These ®ndings invoke the notion of`unmasking' speci®c hypermutable sequences in particular genes adding further complexity to the concept of the mutator phenotype. Oncogene (2001) 20, 7464 ± 7471.
Introduction
A mutator phenotype is well documented in tumours of patients with hereditary non-polyposis colorectal cancer (HNPCC), and also in a subset of sporadic cancers (Aaltonen et al., 1993) . Such genomic instability is largely due to inactivation of one or more of the mismatch repair (MMR) genes (MLH1, MSH2, PMS2, PMS1, MSH6) (Papadopoulos and Lindblom, 1997) by mutation or promoter hypermethylation (Wheeler et al., 1999) . Disruption of MMR leads to accumulation of mutations at simple microsatellite sequences and within the repetitive tracts of coding sequence (Ionov et al., 1993; Parsons et al., 1995a) . A mutator phenotype, combined with selection pressure, is believed to allow the accumulation of mutations in key genes leading to progression of neoplasia from cellular clones to invasive cancers (Cahill et al., 1999) . However, the relative contribution of selection pressure and inherent instability at speci®c gene sequences is not clear.
Mutations in repetitive sequences within a number of genes have been identi®ed in microsatellite unstable (MSI + ) tumours, including TGFBR2, BAX and IGFR2, Ouyang et al., 1997; Rampino et al., 1997) . However, the observation of gene mutations in MMR de®cient cancers does not prove that such mutations are tumorigenic and not simply bystander eects. Other lines of evidence are required to establish pathogenicity (Boland et al., 1998) .
Mutations in the poly(A) 10 tract of the transforming growth factor beta type 2 receptor (TGFBR2) gene are observed in over 90% of MMR de®cient colorectal tumours . The transforming growth factor beta (TGFB) signalling pathway results in potent anti-proliferative responses . Loss of this negative regulatory mechanism results in excess cell growth suggesting that the TGFBR2 gene behaves as a tumour suppressor. Biallelic inactivation of TGFBR2 has been demonstrated in most MSI + colorectal cancers (CRC's) (Parsons et al., 1995a) . Furthermore, in microsatellite stable (MSS) CRC's, inactivating point mutations in TGFBR2 (Grady et al., 1999) and, mutational inactivation of other components of the TGFB signalling pathway (SMAD2 and SMAD4), have also been observed (Eppert et al., 1996) . Together such studies suggest inactivation of TGFBR2 and subsequent disruption of the TGFB signalling pathway is an important step during colon carcinogenesis.
Around 50% of MSI + cancers contain mutations in the poly(G) 8 tract of the pro-apoptotic BAX gene (Rampino et al., 1997) . Bi-allelic inactivation in some cases suggests that BAX mutations are important during progression of MMR de®cient tumours. How-ever, inactivation of both alleles is not observed with the same frequency as in the TGFBR2 gene (Rampino et al., 1997) . The prevalence of mutations observed in the repetitive tracts of both TGFBR2 and BAX are in excess of those at non-coding repeats in intronic sequence, suggesting a clonal selection eect (Zhang et al., 2001) .
Mutations at microsatellites occur consistently in adenomas with MMR gene defects (Shibata et al., 1994) and have also been detected in the earliest lesions known as aberrant crypt foci (Pedroni et al., 2001) . Such observations suggest that microsatellite instability (MSI) is an early event in the progression of a normal cell towards a cancerous phenotype. TGFBR2 mutations are similarly observed within MMR de®cient adenomas suggesting that these mutations also occur early during tumorigenesis (Grady et al., 1998; AbdelRahman et al., 1999) . Although BAX mutations have been observed in early tumours, there are also data suggesting they occur at a later stage in tumour development (Abdel-Rahman et al., 1999) .
The relative contribution of inherent, sequence ± speci®c instability has not been studied extensively. Early neoplastic lesions are subject to selection pressure and so evolve clonally, analogous to more advanced tumours. Furthermore, even early lesions have accumulated multiple mutations making it dicult to dissect the contribution of events resulting directly and exclusively from MMR defects.
We hypothesized that dierences in mutational frequencies at the TGFBR2 and BAX genes may re¯ect dierences in the relative contributions of inherent mutation and eects of selection at these loci. Therefore we set out to investigate the intrinsic instability in these genes using a system where MMR is defective but cells are not subject to bias due to molecular changes that characterize the malignant phenotype. We conducted a series of studies in lymphoblastoid cells that are de®cient in MMR, and we show sequence speci®c hypermutability at the poly(A) 10 tract of the TGFBR2 gene arising in cells of normal lineage.
Results
Characterization of the mutator phenotype in cell lines derived from lymphocytes with constitutive mismatch repair defects Lymphoblast cell lines lbl-1261 and lbl-1260 are derived from lymphocytes of patients with germline mutations of the MMR genes PMS2 and MLH1 respectively (Parsons et al., 1995b) . These mutations have both previously been demonstrated to result in the complete loss of MMR activity (Parsons et al., 1995b) . The PMS2 mutation in lbl-1261 exerts a dominant negative eect (Nicolaides et al., 1998) , while we have shown that MLH1 expression is dramatically reduced in lbl-1260 (data not shown).
We set out to characterize in detail the mutator phenotype previously reported in these cell lines (Parsons et al., 1995b) . Both cell lines were con®rmed to be derived from B-lymphocytes by demonstration of the appropriate pattern of expression of lymphocyte and epithelial cell speci®c markers, detected by¯ow cytometry (data not shown).
We anticipated that mutations in these cell lines were likely to arise at a low frequency within a population of predominantly wild type cells. Hence, we employed a sensitive, small pool PCR (SP ± PCR) strategy to genotype individual microsatellite alleles from lbl-1261 and lbl-1260 DNA plus control cell lines (lbl-c5 and lbl-c1) at two microsatellite markers (BAT-40 and D2S123) (Figure 1 ). Cell lines lbl-1260 and lbl-1261 both displayed a substantially greater proportion of mutant alleles compared with control cell lines ( Figure  1 and Table 1 ) in accordance with previous ®ndings (Parsons et al., 1995b There was evidence of heterogeneity in the degree of instability between microsatellite loci. The proportion of mutant BAT-40 alleles was signi®cantly greater than that of D2S123 in both cell lines (w 2 =9.9, P50.001) suggesting dierential susceptibility of simple sequence repeats (SSRs) to replication error.
These data show ®rstly, that lymphoblastoid cell lines lbl-1260 and lbl-1261 with MLH1 and PMS2 mutations respectively, exhibit microsatellite instability. Secondly, that there is considerable heterogeneity in the degree of instability between the two MMR de®cient cell lines, presumably due to the MMR gene mutation itself. Furthermore, the results demonstrate inherent dierences in instability between particular SSR's.
Excess mutations arise in the poly(A) 10 tract of TGFBR2 in lbl-1261
To address whether the mutator phenotype described above also results in instability within genes known to be involved in colorectal carcinogenesis, we analysed lbl-1261 and lbl-1260 for mutations in the poly(A) 10 tract of TGFBR2. There were considerable diculties in reproducibly detecting mutations in alleles of the TGFBR2 poly(A) 10 tract ampli®ed by SP ± PCR using LoVo as a positive control. Therefore we adapted a sensitive assay to detect 1 bp deletions occurring at low frequency within the poly(A) 10 tract of TGFBR2 (Mironov et al., 1999) . In brief, the reverse primer introduces a Hinf I site in the presence of a 1 bp deletion in the poly(A) 10 tract, whereas in the presence of wild type sequence no Hinf I restriction site is introduced during the PCR step (Mironov et al., 1999) . Digestion products are detected using an ABI310 genetic analyser. This assay reliably detected the presence of mutant TGFBR2 alleles in positive control lines, LoVo and HCT116 (Figure 2 ). Mutations were also detected in lbl-1261 DNA, indicating an appreciable level of mutant alleles in lbl-1261 ( Figure 2) . Intriguingly, the frequency of mutant alleles indicated for lbl-1260 was not signi®cantly dierent to that of wild type control DNAs (Figure 2) .
In order to quantify and to characterize mutations arising in lbl-1261, exon 3 of TGFBR2 was PCR cloned ( Figure 3 and Table 2 ). Of 56 clones sequenced, 17 (30.3%) were mutated at the poly(A) 10 tract. In contrast only three (6.8%) of the 44 wild type control clones were mutant presumably representing technical artefact. These data demonstrate a signi®cant excess of mutations at the poly(A) 10 region of TGFBR2 in lbl-1261 compared to a control cell line (w 2 =8.5, P=0.003). Most of the exon 3 poly(A) 10 mutations detected in lbl-1261 were 1 bp deletions (82%), supporting the validity of the results from the digest assay described above. However a small number of 1 bp insertions, plus an A?G transition were also identi®ed. The frequency and the spectrum of these mutations strongly suggests they are not constitutional variants but arise somatically. These data provide compelling evidence that de novo mutations arise frequently due to inherent instability of the poly(A) 10 repeat in TGFBR2 but these are normally repaired by a pro®cient DNA MMR apparatus.
Determination of the relative susceptibility to mutation of regions within TGFBR2
Next we wished to determine the relative susceptibility to mutation of regions within the TGFBR2 gene. In particular to address whether the mutator phenotype results in predilection for mutation at the poly(A) 10 repeat sequence or whether the observations were simply the result of non-speci®c increase in mutation rate. Therefore we compared mutant allele counts arising at non-repeat regions of the TGFBR2 gene in lbl-1261 to those arising in the poly(A) 10 tract. A 216 bp region of exon 3¯anking the repetitive poly(A) 10 region and a 245 bp non-repeat region of exon 4 were screened for mutations by PCR cloning and sequencing of individual alleles. Exon 4 contains a site found to be mutated in MSS colorectal cancer (Lu et al., 1998) ( Figure 4 and Table 2 ). However, in the non-repetitive region of exon 3, six transition mutations were identi®ed in a total of 10 928 bp of sequence analysed from 49 lbl-1261 alleles, a frequency of 0.55 mutations/ kb ( Figure 4 and Table 2 ). There were no mutations in the non-repetitive region of exon 3 in a total of 8897 bp from 40 control (lbl-c5) alleles (Figure 4 ). These data indicate that exon 3 of the TGFBR2 gene appears particularly prone to mutation, compared with exon 4 of the same gene (P=0.036), and also compared to the same region in a control cell line (P=0.036). Nonetheless, the proportion of mutations detected in the non-repeat region of TGFBR2 is signi®cantly lower than that for the poly(A) 10 tract (P50.001).
Taken together, these results show that exon 3 of TGFBR2 is inherently mutable and that predilection for instability at the poly(A) 10 tract contributes to the frequent observation of TGFBR2 mutations in MSI + tumours.
Analysis of inherent instability at the BAX gene in MMR deficient cells
Since lbl-1261 was particularly unstable at TGFBR2 and non-coding repeats, we wished to determine whether this phenotype was associated with a high level of mutation in the poly(G) 8 repeat of the proapoptosis gene, BAX. SP ± PCR was employed to genotype alleles using LoVo as a positive control. Of 164 SP ± PCR products only two mutants (1.2%) were detected by DHPLC analysis of the 94 bp products (data not shown). Sequencing of mutant SP ± PCR products con®rmed a 1 bp insert at the poly(G) 8 tract.
No mutations were detected in 106 SP ± PCR products analysed from a control cell line. These data suggest that mutations do also occur at the repetitive poly(G) 8 tract of the BAX gene, but the frequency is much lower than that arising in TGFBR2 and is below the level of reliable detection.
Discussion
The data presented here demonstrate a substantial level of inherent instability at SSRs and in coding sequences as a consequence of MMR de®ciency in cell lines lbl-1260 and lbl-1261 that are derived from nontumour tissue. By analysis of alleles by SP ± PCR we have demonstrated that despite being of B-lymphocyte lineage, lbl-1260 and lbl-1261 exhibit an appreciable level of microsatellite instability, con®rming previous ®ndings (Parsons et al., 1995b) . We extend these ®ndings and show that there is signi®cant heterogeneity with regards to both the spectrum and frequency with which mutations occur at microsatellite sequences in these cells. We also provide evidence that inherent mutability in the TGFBR2 gene contributes to the frequent observation of mutations in MSI + tumours. The instability shows a clear propensity to the same poly(A) 10 tract that is frequently mutated in MSI + tumours. Our analysis of the poly(G) 8 tract of the BAX gene indicates that there are varying degrees of inherent mutational instability within coding regions known to have a high frequency of mutation in tumours, and suggests dierential contributions from mutational mechanisms and eects of the tumour phenotype itself.
We observed evidence of heterogeneity of instability at microsatellite markers D2S123 and BAT-40, in lbl-1260 and lbl-1261. Heterogeneity in mutation frequency between BAT-40 and D2S123 indicates locus speci®c in¯uences, and suggests BAT-40 is an inherently more unstable locus (Bacon et al., 2001) . Intrinsic sequence characteristics at given loci can in¯uence the manifestation of the mutator phenotype and the mutation bias between alleles at D2S123 has been previously reported (Bacon et al., 2000) .
We employed two independent experimental approaches using MMR de®cient cells to demonstrate that the poly(A) 10 tract of TGFBR2 is intrinsically hypermutable even in cells that are not tumour derived. The data show that mutations can be detected as a consequence of MMR de®ciency when the eects of selection pressure and other confounding molecular variables present in tumour cells, are minimized. These studies were performed in cell lines that represent a model assay system and as such, selection cannot be entirely negated. EBV transformed lymphoblast cell lines are resistant to the eects of TGFB1 due to selection against TGFBR2 expression (Inman and Allday, 2000) . However, it has been shown that this is not due to mutation of the poly(A) 10 repeat in exon 3 (Inman and Allday, 2000) . Furthermore, the comparison with control lines shows conclusively there is an important MMR dependent eect.
Since we detected a number of dierent TGFBR2 mutant alleles, the ®ndings are consistent with the occurrence of somatic events rather than pre-existing constitutional heterozygous mutations or mosaicism. The fact that excess mutations were not observed in TGFBR2 in lbl-1260 might indicate a threshold eect of MMR activity in the cell lines studied here, which has an in¯uence on the ability for replication errors to be repaired.
The fact that we detected mutations in sequences encoding tumour suppressor genes as well as noncoding repeats in cells derived from a normal B-cell lineage is remarkable in itself. That lbl-1261 appears particularly prone to mutation may be due to gene speci®c in¯uences. Indeed, a recent report (Vilkki et al., 2001) did not detect any TGFBR2 mutant alleles in autopsy material from a child with homozygous MLH1 mutations. Interestingly, cell line lbl-1260 which contains a heterozygous MLH1 mutation displays a lower incidence of mutation at both coding and noncoding sequence (Parsons et al., 1995b) .
Few studies have addressed mutation frequency at the non-repetitive sequences surrounding the mutable repeat tracts in genes implicated in tumorigenesis in MSI + tumours (Takenoshita et al., 1997 ). Here we demonstrate that non-repeat regions are not subject to high levels of mutation, indicating that it is the repeat sequence and not the entire TGFBR2 gene, which is prone to instability consequent of MMR de®ciency.
Analysis of the poly(G) 8 repeat in the BAX gene, suggests that although this is mutated frequently in MMR de®cient colorectal tumours, it does not share the same intrinsic propensity for mutation observed at the poly(A) 10 repeat of TGFBR2. These results give considerable insight into susceptibility of the BAX and TGFBR2 genes to mutations arising exclusively as a result of MMR defects. The high mutability of the poly(A) 10 tract is likely to be a consequence of increased replication error at this region. Such error is well documented and, dependent on the number of repeats in the tract (Parsons et al., 1995a; Dietmaier et al., 1997) . Chromatin structure within or surrounding such sequences has also been suggested to contribute to mutability at repeat tracts (Zhang et al., 2001) . In this regard it is interesting to note that we detected a low, but appreciable, frequency of mutation in the¯anking Figure 4 Comparison of the non-repeat coding sequences to the poly(A) 10 tract in TGFBR2. Mutation data are presented as mutations/kb sequenced, to account for variation in the length of cloned fragments sequence surrounding the poly(A) 10 tract in lbl-1261 that was signi®cantly greater than that observed for exon 4 of the same gene.
That the TGFBR2 poly(A) 10 tract is so readily prone to mutation goes some way to explain why these mutations are observed with such a consistently high frequency within MMR de®cient cancers and also in early adenomas (AbdelRahman et al., 1999) . Taken together with these previous studies, the data presented here supports the notion that MMR inactivation occurs very early in neoplastic transformation and results in accumulation of mutations in the TGFBR2 poly(A) 10 tract. Subsequently, selection pressure for homozygous mutations would be anticipated to result in clonal selection within the tumour. Since we detected only a very low level of BAX mutations in the most unstable line lbl-1261, this suggests that BAX is inherently more stable and that selection pressures may play a greater role than is the case for TGFBR2 mutations. The data presented here suggests that BAX mutations arise infrequently and this may explain why they are less frequently observed and, are not detectable at such an early stage in tumorigenesis as TGFBR2 mutations (Rampino et al., 1997; Abdel-Rahman et al., 1999) .
Taken together these ®ndings indicate that intrinsic mutational instability is an important determinant of mutation frequency observed in MSI tumours. Use of cells derived from normal tissue has allowed analysis of the mutation frequency consequent upon MMR de®ciency, while minimizing bias from the eects of selection and confounding abnormalities. It will be of interest to determine which other coding gene sequences are similarly susceptible to mutation in cell lines lbl-1260 and lbl-1261 as this might identify important genes involved in MMR dependent tumour initiation and progression.
Materials and methods

Lymphoblast cell lines
Epstein-Barr virus (EBV) transformed lymphocytes from two healthy control individuals (lbl-c5, lbl-c1) were cultured in RPMI with 10% FCS 1% P/S. EBV transformed lymphocytes from two patients with colorectal cancer and phenotypic evidence of Turcots syndrome (lbl-1261, lbl-1260) were a gift from Bert Vogelstein. These patients carry germline defects in PMS2 and MLH1 respectively and have been shown to lack MMR activity (Parsons et al., 1995b) .
Flow cytometry
Cells were analysed for the presence of B-cell speci®c and epithelial cell speci®c markers. Antibodies used were PE conjugated anti-human CD19 (B-cell speci®c) (Caltag) and, unconjugated anti-cytokeratin antibody (epithelial cell speci®c) (Clone BER-EP4, DAKO) detected using a second step FITC conjugated anti-mouse IgG. Data for 10 000 cells was acquired and analysed using a FACSCaliber and Cell Quest Software (Becton Dickinson). Controls included were unstained cells and cells stained with FITC conjugated antimouse IgG alone. The cancer cell line HCT116 provided a positive control for the epithelial marker BER-EP4.
Small pool PCR
DNA from cell lines was diluted to a ®nal concentration of 15 ± 20 pg per PCR reaction as previously described (Bacon et al., 2000) . Fluorescently labelled D2S123 and BAT-40 primers (Parsons et al., 1995a) were used for microsatellite analysis. Non¯uorescent primers were used to amplify a 94 bp region encompassing the poly(G) 8 repeat at codons 38 to 41 of the BAX gene (Rampino et al., 1997) .
High ®delity PCR ampli®cations were performed using Expand high ®delity PCR system as previously described (Bacon et al., 2000) . Reactions were prepared in 96 well plates. DNA free controls were prepared in 16 wells per plate and positive controls containing 100 ng of cell line DNA were prepared in two wells in every plate. Ampli®cation was performed on an Omnigene PCR system thermal cycler (Hybaid) at 948C (3 min) for 1 cycle, 948C (1 min), 558C (1 min), 728C (1 min) for 35 cycles, 728C (5 min) for 1 cycle. For microsatellite markers 2 ml of each PCR reaction including positive and negative controls was analysed on an ABI310 Automated Genetic Analyser, using Genescan software. For the BAX gene ABI310 analysis was not sensitive enough to pick up a 1 bp deletion in a known mutant, LoVo (Carethers and Pham, 2000 ) , due to the small size of the fragment. 3 ml of BAX SP ± PCR products were subjected to a second round of PCR allowing visualization of products on an agarose gel. These were subsequently analysed by DHPLC using a Transgenomic wave TM machine along with the known mutant control.
The frequency of mutant alleles in each cell line for both microsatellite markers was expressed as the number of alleles which were mutant in length, divided by the total number of alleles detected (normal and mutant). Accordingly, frequencies are not exact contents of cells with alterations but relative values. Dierences between mutation frequency in the two cell lines compared to controls, and between MSI frequency at the two microsatellite markers was evaluated using a Chi-squared test (Minitab V.13). Signi®cance was taken at the 5% level.
TGFBR2 restriction digest mutation detection assay
We adapted a sensitive assay (Mironov et al., 1999) to provide an initial analysis to detect 1 bp deletions in the poly(A) 10 tract of TGFBR2. DNA samples from lbl-1261, lbl-1260, control wild type (lbl-c5) and a control mutant cell lines, LoVo and HCT116 (Carethers and Pham, 2000) were ampli®ed using a primer that induces a Hinf I restriction site in the presence of this mutation. The forward primer was uorescently labelled.
Forward primer: CACTCTAGGAGAAAGAATGACG. Reverse primer: GAAAGTCTCACCAGGCTTTTTGATT.
These primers would be expected to amplify alleles of length A 9 and longer. Since LoVo contains one A 9 and one A 8 allele (Carethers and Pham, 2000) the primers used would not be expected to amplify the A 8 allele. PCR reactions were performed in a ®nal volume of 25 ml using the Expand high ®delity PCR system as previously described (Bacon et al., 2000 and above) . Five ml of PCR product was digested at 378C overnight in a total volume of 15 ml with 5 units HinfI restriction enzyme and 1X buer H (Boehringer Mannheim).
Products were analysed on an ABI 310 Automated Genetic Analyser, using Genescan software. Wild type undigested fragments are visualized at 141 bp and mutant Hinf I digest fragments at 118 bp. The analysis was performed on each cell line in triplicate.
Cloning and sequence analysis
A 266 bp region of TGFBR2 exon3 encompassing the poly(A) 10 tract was PCR cloned from lbl-1261 and wild type control, lbl-c5, DNA (primers described elsewhere, Lu et al., 1996) . A 245 bp non-repetitive region of TGFBR2 exon 4 was also cloned from lbl-1261 DNA. PCR reactions were performed as above using the following primers; Forward: CCACGTGTGCCAACAACATCAACC Reverse: CAGCCGTCAGGAACTGGAGTA PCR fragments were cloned into TA cloning vectors using TOPO TA Cloning kit version K2 (Invitrogen BV, Groningen, The Netherlands) according to the manufacturer's instructions. Plasmid DNA was extracted from transformants using a QIAprep miniprep kit (QIAGEN Ltd, Crawley, UK). Sequencing was performed using M13 primers and PRISM ready Dye Terminator Cycle Sequencing Kit with AmpliTaq DNA polymerase, FS (Taq-FS: Perkin Elmer/Applied Biosystems) on an Applied Biosystems DNA sequencer model 373A or 377. DNA sequence analysis was performed by use of Sequencing analysis 3.0 and Sequencher TM 3.0 (Gene Codes Corporation). All clones were sequenced at least in duplicate and the majority of mutants were re-con®rmed by re-isolating and sequencing clone DNA from bacterial stocks.
A two tailed ®shers exact test (http://home.clara.net/sisa/ ®sher.htm) with signi®cance taken at the 5% level was used to evaluate dierences in the number of mutations observed in the total amount of cloned sequences from dierent loci, or the same loci between dierent cell lines. When using this method it is assumed that mutations occur independently at any given base pair within the given locus.
